• Heterorhabditis baujardi LPP7's mating behavior is less similar to that of steinernematids than of heterorhabditids and Caenorhabdtis elegans. • H. baujardi LPP7 does not display coiling behavior during mating. • H. baujardi LPP7 presents copulation plugs.
INTRODUCTION
Nematoda is a very diverse phylum that occupies different habitats, from free-living nematodes feeding on soil-borne bacteria to obligate plant and animal parasites. This diversity has allowed the evolution of many different types of reproductive behavior and related traits [1] .
Entomopathogenic nematodes (EPNs) in the genera Heterorhabditis and Steinernema (Rhabditida) are obligate parasites of insects, and they have been especially effective worldwide as inundative biological control agents against a number of soil insect pests [2] . These genera of nematodes have symbiotic relationships with Photorhabdus spp. and Xenorhabdus spp., respectively. Infective juveniles (IJs) are adapted for survival and for finding hosts in the soil. They do not feed but use stored reserves. They seek out and enter live insect hosts through natural openings, such as the mouth, anus or spiracles, but heterorhabditid IJs can also enter through the cuticle. After penetrating the host's hemocoel, the nematodes release their symbiotic bacteria, which usually kill the insect host within 24 to 48 h. The bacteria are also responsible for producing antibiotics and for providing nutrition for the nematodes. The nematodes feed, develop, mate and often complete 2-3 generations within the insect host's cadaver. When resources within the cadaver are depleted, a new generation of IJs is produced, and they leave the cadaver to search for new insect hosts [3] .
The reproductive behaviors of EPNs have received less attention than the IJ behaviors involved in finding and infecting hosts. However, an understanding of the EPNs' reproductive biology is relevant to the practical uses of EPNs, including cross-breeding for species identification, mass production, selective breeding and population biology [4] . The genera Heterorhabditis and Steinernema are not closely related [5] . Their entomopathogenic lifestyles evolved independently, and similarities in their life cycles and behaviors are a result of convergent evolution [6] . Independent of generation, Steinernema spp. adults are always amphimictic females and males. In contrast, in the first generation, heterorhabditid IJs develop into protandric hermaphrodites [7] , with the subsequent generation consisting of amphimictic male and female adults [8] . The copulation behaviors of the two genera also differ: in Steinernema, the male coils around the female at the vulval region during copulation [9, 10] , while in Heterorhabditis the male aligns its body approximately parallel to the female without coiling around her [9] .
The rhabditid Caenorhabditis elegans Maupas, like the heterorhabditids, has protandric hermaphrodites and also displays the non-coiling copulatory behavior [11] . C. elegans is a biological model and closely related to Heterorhabditis species [5] . Evolutionary changes in the reproductive modes of nematodes required modifications not only in the development of reproductive tissues, but also in the neuromuscular-based behaviors that relate to species propagation [12] .
We divided the mating events into three main stages: premating, which is the same as scanning, where the male passes the female several times doing laps before penetration by the spicules occurs; mating, which takes place while the spicules are within the female vulva, at which point the vas deferens opens and sperm passes from the spicules into the female spermatheca; and post-mating or plug deposition, which occurs when the male deposits a copulation plug or "cap" into the female vulva after mating.
The nematode Heterorhabditis baujardi Phan, Subbotin, Nguyen & Moens LPP7 was isolated from the Amazon Forest (Monte Negro, RO, Brazil) and identified based on morphology and using molecular biology [13] . Its biological traits have been assessed, such as IJ production and emergence time from the insect-cadaver [14] , as has its ability to act as a biological control agent against the guava weevil, Conotrachelus psidii Marshall, under laboratory and greenhouse conditions [15] , as well as in guava orchards [16, 17] .
How well this species reproduces in in vitro cultures needs to be ascertained, but first we must to understand its mating behavior. Strauch et al. [9] affirmed that reproduction is important to know more about the male:hermaphrodite ratio, which will have a significant impact on liquid culture population dynamics of Heterorhabditis species. Therefore, the objectives of the current study were to describe the mating behavior of H. baujardi LPP7 and to compare this behavior with that of other nematode species that have been studied and their data published: Steinernema carpocapsae (Weiser) [10] , Heterorhabditidis megidis Poinar, Jackson & Klein HSH1 [9] , Heterorhabditidis bacteriophora Poinar HP88 [9] and C. elegans [18] . We hypothesized that, while the mating behaviors were generally similar, each species would have peculiarities that make them unique.
MATERIAL AND METHODS

Nematode source
Heterorhabdtis baujardi LPP7 was multiplied in 7 th instar Galleria mellonella L. (Lepidoptera: Pyralidae) larvae from a population maintained in the laboratory, using 100 IJs diluted in 0.5 mL of distilled water for every 5 larvae, in Petri dishes (9 cm in diameter) lined with filter paper at the bottom (Whatman no. 1). The dishes were placed in a climate-controlled chamber at 27 ± 1 °C with relative humidity (RH) > 80% for 48 h. The insect cadavers were transferred to modified White traps [19] and maintained under the same conditions. After 12 days, the IJs were collected in cell culture bottles (40 mL) on alternate days using Pasteur pipettes and stored in a climate-controlled chamber at 16 ± 1 °C with RH > 80% for up to 1 week before testing.
In vitro culturing
For external sterilization, 40 IJs were washed in a 9 cm Petri dish containing 1 mL of 10% sodium hypochlorite for 8 min under sterile conditions and within laminar flow hoods. After sterilization, the juveniles were transferred to a 0.8% NaCl solution. The juveniles were removed from the saline solution, placed in liquid Tryptic Soy Broth (TSB) and cut in half, using a scalpel, to release their bacteria.
The TSB containing the bacteria was then placed in test tubes in a shaker for 24 h. After bacterial growth, they were transferred to a selective solid medium consisting of nutrient agar supplemented with bromothymol blue (NBTA) and triphenyl tetrazolium chloride, according to Akhurst [20] . After the bacterial growth in NBTA, colonies were isolated and stored in a climate-controlled chamber at 16 ± 1 °C with RH > 80%. The isolated single bacterial colonies grown in NBTA were placed in TSB liquid medium in a shaker for 24 h at 28 ± 1 °C and then transferred to Fortified Lipid Agar medium (FLA) [21] for 24 h at 28 ± 1 °C for growth.
Heterorhabditis baujardi LPP7 IJs were sterilized for 8 min as described before. After sterilization, 100 IJs were placed in a Petri dish containing FLA medium with Photorhabdus sp. and incubated at 28 °C overnight. Different stages of EPNs were observed daily in the Petri dishes. Six days after inoculation, eight pairs were placed in separate Petri dishes seeded with the symbiotic bacteria and observed daily. The time to start observing the pairs is based on the time in which the juveniles became adults in in vivo production, also 6 days [14] . Each pair was watched for 2 days and all of them recorded every 5 h for 5 min. For recording, a piece of FLA medium containing one pair of nematodes was placed on an excavated slide and observed under a Nikon E100 microscope. The observation time had been established by preliminary tests. The behaviors observed were: premating, including vulval localization; mating, with spicule insertion and ejaculation; and post-mating, with copulation plug deposition. The data were compared using an analysis of variance (SAEG Program). Means of time taken in every behavior were separated using Tukey's t test (P < 0.05) [22] .
RESULTS AND DISCUSSION
The mating behavior of H. baujardi LPP7 is similar to that of other heterorhabditids, steinernematids and C. elegans, as already described. Nonetheless, it has its peculiarities. Table 1 summarizes the different observed actions. 
Behavior Species
H. baujardi LPP7 S. carpocapsae [10] H. bacteriophora HP88 [9] H. megidis H1S1 [9] C. elegans [18] Premating period 2. 
Premating
The H. baujardi LPP7 males' exploratory behavior, or premating, is a random, sigmoid movement around the females, who are more sedentary, regardless of age. At 6 days after inoculation, males had newly formed spicules but no bursas or genital papillae, and they did not show exploratory behavior. The bursas developed between days 6 and 7, therefore at 7 days, they started the exploratory behavior of scanning a female's body with their spicules and bursas, making quick stops along the body and finally stopping at the vulva. After finding the vulva, the male coordinated his movements with those of the female, and positioned his tail accurately over the vulva to insert the spicules and ejaculate. At this point they are in parallel with their heads facing the same direction (Figure 1a ). After the exploratory behavior, the male moved away from the female if he could not find the vulva within an average time of 4.1 min. While observing different stages in the Petri dishes, males performed the same exploratory behavior on other males, females and juveniles. Thus, there is no evidence that an "attractant" is being produced by females, however, more studies should be conducted to specifically address this question.
On the other hand, S. carpocapsae females produce a pheromone that is attractive to males [23] . Additionally, Lewis et al. [10] found that male S. carpocapsae respond to virgin females only and were not influenced by mated conspecific females, conspecific males or heterospecific females. These results indicate that species-specific communications take place between adult EPNs within the host cadaver just prior to mating. Also, this suggests that the pheromone is no longer secreted once the female has mated and perhaps indicates that females do not mate repeatedly. In C. elegans, prior to mating, the hermaphrodites display sensory signals to attract males. The adult hermaphrodite emits a diffusible mate-finding cue that triggers males to increase their reversal frequency [24] . To date, there is no information regarding the presence of attractive compounds in other heterorhabditids. For H. baujardi LPP7, the premating period was, on average, 2.4 min long, whereas for S. carpocapsae premating lasted 1 to 5 min [10] (Figure 2 ). There is no information available for the other species used in our comparison (Table 1) .
Mating
During mating, H. baujardi LPP7 male and female heads also face the same direction, which is a unique behavior among species reported in published literature (Figure 1a ). Observations of copulatory behavior in C. elegans indicated that it is similar to that of H. bacteriophora HP88 and H. megidis, where the males back into position before copulation, and the males' and females' heads are in opposite directions [9, 18] . In the case of S. carpocapsae, males probed the females in all regions of the body, but mainly in the middle region around the vulva (56.25% of the time) [10] . The mating period in H. baujardi LPP7 was 73 s, in C. elegans it was 64 s [18] and in S. carpocapsae it was 4.5 min [10] (Figure 1b, c) . Strauch et al. [9] suggested that the copulation behaviors of steinernematids are different and longer because they lack bursa, which are possibly used by heterorhabditids [18] and C. elegans to hold females. The same coiling behavior was observed in Steinernema anomali Kozodoi, S. carpocapsae, Steinernema feltiae Filipjev, Steinernema scapterisci Nguyen & Smart and Steinernema glaseri (Steiner) on agar and in liquid media [9] .
When copulation events were observed in the Petri dishes, an interesting behavior was noted. Just after the male started ejaculating, other males surrounded the pair during the mating process, and as soon as the male detached from the female, leaving the copulation plug, other males started the exploratory behavior. This may indicate that the yellowish fluid that coagulates on the surface of the vulva to form the copulation plug attracts other males, but more tests should be performed to confirm this hypothesis. The advantage of multiple matings is an increase in the genetic variability, as observed in C. elegans [18] . As mentioned before, heterorhabditids have a peculiar biological cycle, with hermaphroditic and amphimictic female stages. The mating behavior of C. elegans males is not efficient with young moving hermaphrodites, possibly because the C. elegans male nervous system, like those of the other Caenorhabditis species, was not designed to mate with mobile partners. Additionally, spicule insertion is difficult for C. elegans males since the young hermaphrodites do not actively facilitate spicule penetration. C. elegans males do not induce behavioral inactivity in young hermaphrodites, but are more efficient in inserting their spicules and transferring sperm into older partners. It seems that hermaphrodites have lost the ability to respond to the male soporific-inducing factor, but when they are older and bigger they become immobile and males easily mate. By that time self-fertilization might have already occurred. With H. baujardi LPP7 something similar may happen. The hermaphrodites are much larger than the amphimictic females and also more immobile, so the males can easily find the vulva and copulate. With females the search takes longer but most are successful. Whether there is a factor that immobilizes the hermaphrodites remains unknown, but we believe that their size and immobility help the males to copulate. However, males are not normally found in the first generation, and self-fertilization is certain to occur.
H. baujardi LPP7 males copulate with females during the second generation, and since many males may copulate with the same female we can infer that sperm competition exists. Sperm competition occurs when the sperm from multiple males compete for the opportunity to fertilize an ovum [25] . The result of sperm competition is the evolution of male traits that increase the sperm's fertilization success, including increased sperm number, increased sperm size, increased seminal fluids, sperm removal, and copulation plugs or mate guarding [26] . Mating in the second generation is very important in increasing variability because the first generation only undergoes self-fertilization.
Post-copulation
During post-copulation there is the deposition of the copulation plug, which occurred soon after the retraction of the spicules, which took an average of 4 min (Figure 1d ). The male injects the plug material alternately with spikes through his movements back and forth in the female vulva. Males of H. baujardi LPP7 cannot distinguish between mated or unmated females, ignoring the copulation plug. Very often, the plug was infiltrated by the spicules, and we could observe formed oocytes inside the female (Figure 1d ). In laboratory studies performed with C. elegans, the copulation plug did not block the ability of a male to fertilize the plugged hermaphrodite [27] . However, the plug can lengthen the time it takes a male to locate the vulva and insert his spicules [28] . Apparently, there is an absence of copulation plugs in Steinernema spp. [9, 10] .
The times of observed actions, premating, mating and post-mating, were statistically different (F = 22.44; df = 4, 21; P ≤ 0.05). The time expended in the post-mating stage was always greater than those of the premating and mating stages combined and individually ( Figure 2) . The longer the male stays attached to the female, the greater the chance for his sperm to fertilize the ovum. Thus, this behavior reveals the males' instinct to pass his genes to future generations by ensuring he produces offspring.
CONCLUSIONS
Heterorhabditis baujardi LPP7's mating behavior is closer to that of C. elegans and other heterorhabditids than to that of steinernematids. Unlike steinernematids, it does not show coiling behavior, and it presents a copulation plug. However, it has its own peculiar characteristics, with the male and female heads facing in the same direction and more than one male being able to copulate the same female.
